48
approach on a population of collared flycatchers (Ficedula albicolis), demonstrated that although the genetic component of 'condition' had increased over the study period the environmental component had decreased. caused by the evolution of competitive ability would always act to reduce body-size and may therefore likely to be a more general explanation for why the body-size of most species seems to be sub-optimal despite being 60 heritable (Blanckenhorn, 2000) . but environmental deviations decrease over time -a pattern that has generally be considered as conclusive evidence of cryptic evolution (Postma, 2006) . We show that although these patterns are consistent with 72 environmental deterioration, there are alternative biological processes that can give rise to such trends.
Results
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Evolutionary Environmental Deterioration and Quantitative Genetics
Without loss of generality we use a simplified version of Cooke et al. 's (1990) model where the phenotype 76 (υ 1 ) follows the model:
where 1 and α 1 are, respectively, an environmental effect and a genetic effect that determine the con-
78
version of resource R into υ 1 . In Cooke et al.'s (1990) original model a second environmental deviation is included in the product, but is redundant for our purposes.
Here the fraction A N is the amount of the total resource (A) available to an individual when the resource is shared evenly over all individuals (N is the population size). The second fraction υ2 υ2 determines the ability 84 of an individual to obtain more or less than its fair share, where the trait υ 2 can be viewed as competitive ability and the overbar denotes the expectation. When there is no variation in competitive ability then this 86 fraction is unity and the resource is evenly split.
88
As with the first trait, the competitive ability is assumed to follow a multiplicative quantitative genetic model:
The model can be transformed into the more standard additive quantitative genetic model by working on the log scale (y 1 = log(υ 1 )):
where µ 1 and µ 2 are trait specific intercepts. The approximation is due to log(ῡ 2 ) = log(ē y2 ) ≈ȳ 2 + σ 2 y 2 2 . We can get an expression for the total change in the mean of the two traits by combining the genetic response 94 to selection based on the multivariate breeders' equation (Lande, 1979) with the expression for environmental change (see Iwasa and Pomiankowski (1991) also):
captures 'environmental' change, although it should be understood that environmental change in y 1 includes change induced by change in the mean value of y 2 , which itself may be due to a genetic response to selection.
102
If we assume that the population size is large enough that the covariance between population level prop-104 erties of y 2 (e.g.ē y2 ) and an individual's breeding value or environmental deviation are negligible, and that change in the higher order moments of y 2 are also small (i.e ∆ σ 2 y 2 2 ≈ 0), Equation 5 can be simplified:
The term β y2 (σ 2 a2 + σ a1,a2 ) can be interpreted as Robertson's (1966) 
The covariance between y 1 and fitness within a generation can then be decomposed into a genetic and environmental covariance assuming residuals are uncorrelated with breeding values:
Designating Robertson's (1966) genetic covariance as S G we have:
where S G is equal to evolutionary change in the absence of environmental deterioration (Robertson, 114 1966), and ∆log(A) and ∆log(N ) are changes in environmental quality and population density respectively. 
where b are year effects that include the effects of between-year variation in A on the expression of y 1 .
k i indexes the year in which individual i was present and I i the set of all individuals present in that year
138
(including i itself). The LHS of equation 10 for all individuals, nesting individuals within traits, can be represented in a more manageable matrix form, where X is an incidence matrix relating individuals to years,
140
and D is a diagonal matrix with reciprocal annual population sizes along the diagonal:
. . .
where m is the total number of individuals across all years. The matrix on the RHS of Equation 11 is the 142 structural coefficient matrix (Λ) of Gianola and Sorensen (2004) , and it can be shown (Appendix 1) that the marginal distribution of y 1 (after marginalizing y 2 ) is given by:
where B = XDX , A is the additive genetic relatedness matrix, and σ 
178
Based on these results we suggest that a test for evolutionary environmental deterioration should first 180 involve estimating the indirect genetic (co)variances determined above (i.e. σ 2 a2 and σ a1,a2 ). If these are found to be different from zero, then showing that the breeding value for competitive ability has increased 182 would be consistent with evolutionary environmental deterioration.
184
The conditions for the pattern of cryptic evolution
Above we have argued that general environmental change, and evolutionary environmental deterioration show that there are other biological processes not explicitly modeled that would also result in similar patterns.
204
In order to understand the statistical properties of estimators of evolutionary genetic change it is necessary to explicitly consider the process of selection, and Gianola et al. 
212
Under the assumption that the mean phenotype has not changed between the parental and offspring generation, we find that a positive trend in predicted breeding values and a negative trend in predicted 214 environmental effects will result when (see Appendix for further details):
where ∆z is the deviation, mid-offspring phenotype minus mid-parent phenotype (ȳ). Expectations are 216 taken over families (as in Price's (1972a) Equation), each of which has two parents but a variable number of n offspring. The functions f 1 (n) and f 2 (n) are monotonic positive functions of parental fitness:
where r is the ratio σ 2 e σ 2 a . We had little success in simplifying the analysis or extending it to more general scenarios, but some insights can be gained from inequality 14 which we illustrate and validate with simula-220 tions of more complex pedigrees.
222
Because the functions are monotonic functions of parental fitness the sign of the covariances will be the same as if parental fitness was used directly. If we assume directional selection on the trait is either absent 224 or positive (i.e. the RHS is equal to or greater than zero) then any process that either a) reduces E [∆z] or b) reduces the covariance between ∆z and parental fitness, could give rise to patterns in predicted breeding 226 values that have been interpreted as evidence of cryptic evolution.
228
Example 1: Sib-effects any effect of family size on offspring phenotype can cause a general difference between parent and offspring phenotype. To illustrate, we made a simple simulation with discrete generations (30), a constant population 234 size (100) and no selection on phenotype. Individuals formed monogamous pairs at random, and family sizes were generated from a Poisson distribution with a mean of exp(2) = 7.4. The resulting offspring were sampled 236 at random to form the following generation, and their phenotypes were simulated according to:
General changes within families (E [∆z]) may be the result of between generation changes in the environ-
where n p i is offspring i's parental fitness (i.e. the number of sibs individual i has). The residual (e i ) was simulated from a standard normal distribution, and the breeding value (a i ) from a normal distribution with 240 a mean equal to the average breeding value of i's parents and a variance equal to half the additive genetic variance, which was also set to 1 (i.e. r = 
262
If these mutations act proportionally rather than additively then the same mutation affecting offspring of large worms will tend to reduce body size more than in offspring of small worms. If body size is under positive 264 selection then these mutations would give rise to negative covariances between parental fitness and ∆z. unmeasured dead individuals has been termed the invisible fraction (Grafen, 1988) and is known to cause problems for the estimation of quantitative genetic parameters (Im et al., 1989 ). Here we show that this form 276 of missing data is sufficient to generate trends in predicted breeding values that resemble patterns that would be obtained from cryptic evolution.
278
Again, we made a simple simulation with discrete generations (30) and a constant population size (100) 280 in which individuals with a propensity to produce large flowers (y) have a reduced chance of surviving to maturity (and therefore being measured) but conditional on flowering have higher fecundity. Family sizes 282 were generated from a Poisson distribution:
where individual j is i's mate, and β f is the fecundity selection gradient which was set to 0.2. The phenotypes of individuals were generated according to the basic quantitative genetic model:
However, the probability of an individual surviving to adulthood (and therefore being measured) was
288
proportional to the density of y in a normal distribution with mean equal toȳ + S and a variance of γ. S is the deviation from the optima of the population mean in that year (ȳ) and was set to -0.2, and γ is equivalent 290 to the strength of stabilizing selection around the optima which was set to 1.75. These parameters result in a selection regime where fecundity selection and viability selection are approximately equal.
292
Again, a simple animal model was fitted using the resulting pedigree and phenotype data, and breed- (Dickerson, 1955; Griffing, 1967; Wolf, 2003) . Moreover, the share of the resource acquired by the superior genotypes diminishes as they spread because they end up competing with themselves, making 312 it more difficult to observe the phenotypic effects of superior genotypes. Because it is this information that is used to detect evolutionary environmental deterioration in the statistical procedure outlined in this paper, 314 we acknowledge that power may be low (Bijma, 2010a). Greater success may be had with lab or field based time-shift experiments that are able to measure individuals in environments characteristic of earlier or later However, it would be possible to obtain estimates of evolutionary change under a model of evolutionary environmental deterioration, and test them appropriately. In this manuscript we took, as Cooke et al.
326
(1990) did, a simplified pedagogical model where all individuals in a year interact to the same degree. We acknowledge that this is ecologically naïve, and that to obtain more accurate and more powerful estimates of should constrain phenotypic responses to selection among individuals (Griffing, 1967) . Selection experiments that have explicitly considered indirect genetic effects have yielded results supporting this prediction
354
(e.g. Goodnight, 1985; Muir, 2005) . This source of constraint, and the phenomenon of evolutionary environmental deterioration discussed here are one and the same. Given the potential importance of competition 356 and resource limitation in natural populations we believe the conditions that would give rise to evolutionary environmental deterioration are widespread. However, it is currently difficult to assess the potential magni-358 tude of such effects without a better idea of the amount of additive genetic variance in competitive ability that segregates under natural conditions in wild populations. Thus while we certainly expect unequivocal 360 demonstration of cryptic evolution by evolutionary environmental deterioration to be difficult, the importance of resource dependent trait expression for many aspects of an organism's phenotype makes this an interesting, 362 if challenging, topic for further study in wild systems.
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